Emotions have powerful effects on pain perception. However, the brain mechanisms underlying these effects remain largely unknown. In this study, we combined functional cerebral imaging with psychophysiological methods to explore the neural mechanisms involved in the emotional modulation of spinal nociceptive responses (RIII-reflex) and pain perception in healthy participants. Emotions induced by pleasant or unpleasant pictures modulated the responses to painful electrical stimulations in the right insula, paracentral lobule, parahippocampal gyrus, thalamus, and amygdala. Right insula activation covaried with the modulation of pain perception, consistent with a key role of this structure in the integration of pain signals with the ongoing emotion. In contrast, activity in the thalamus, amygdala, and several prefrontal areas was associated with the modulation of spinal reflex responses. Last, connectivity analyses suggested an involvement of prefrontal, parahippocampal, and brainstem structures in the cerebral and cerebrospinal modulation of pain by emotions. This multiplicity of mechanisms underlying the emotional modulation of pain is reflective of the strong interrelations between pain and emotions, and emphasizes the powerful effects that emotions can have on pain. Descending pain-modulatory pathways originate from various cerebral structures involved in emotions (6-8) and sensorimotor functions (9). These regions are thought to affect spinal nociception through their projections to several brainstem structures, including the periaqueductal gray matter (PAG), rostroventral medulla (RVM), dorsolateral pontine tegmentum (DLPT), and nucleus cuneiformis (NCF) (10). All of these structures are thus potential cerebral sources of the descending modulation of pain by emotions. In turn, the modulation of spinal activity is expected to affect the transmission of nociceptive signals and the response of their target brain regions through the multiple ascending pathways. However, the important interconnectivity between emotional brain networks and areas implicated in the affective dimension of pain suggests that additional supraspinal mechanisms might also contribute to the emotional modulation of pain experiences. Among the potential cortical candidates, the anterior cingulate cortex (ACC) (11) and the insula (12) are well positioned to contribute to the emotional modulation of pain.
Emotions have powerful effects on pain perception. However, the brain mechanisms underlying these effects remain largely unknown. In this study, we combined functional cerebral imaging with psychophysiological methods to explore the neural mechanisms involved in the emotional modulation of spinal nociceptive responses (RIII-reflex) and pain perception in healthy participants. Emotions induced by pleasant or unpleasant pictures modulated the responses to painful electrical stimulations in the right insula, paracentral lobule, parahippocampal gyrus, thalamus, and amygdala. Right insula activation covaried with the modulation of pain perception, consistent with a key role of this structure in the integration of pain signals with the ongoing emotion. In contrast, activity in the thalamus, amygdala, and several prefrontal areas was associated with the modulation of spinal reflex responses. Last, connectivity analyses suggested an involvement of prefrontal, parahippocampal, and brainstem structures in the cerebral and cerebrospinal modulation of pain by emotions. This multiplicity of mechanisms underlying the emotional modulation of pain is reflective of the strong interrelations between pain and emotions, and emphasizes the powerful effects that emotions can have on pain.
brain ͉ nociceptive flexion (RIII) reflex ͉ fMRI ͉ insula P ain and emotions are intimately related experiences with robust reciprocal interactions (1) . In general, negative emotions increase pain, whereas positive ones decrease it (2) . In a recent study, Rhudy et al. (3) have demonstrated that emotions induced by emotional pictures (4) activate descending pain-modulatory pathways affecting the amplitude of a spinal nociceptive reflex (see ref. 4 ; nociceptive flexion reflex or RIII reflex, see ref. 5 ). However, the modulation of spinal responses typically accounts for only part of the modulation of pain experiences assessed by self-reports. The goal of this study is to identify the brain generators of cerebrospinal modulatory effects and to investigate additional brain mechanisms underlying the modulation of pain by emotions.
Descending pain-modulatory pathways originate from various cerebral structures involved in emotions (6) (7) (8) and sensorimotor functions (9) . These regions are thought to affect spinal nociception through their projections to several brainstem structures, including the periaqueductal gray matter (PAG), rostroventral medulla (RVM), dorsolateral pontine tegmentum (DLPT), and nucleus cuneiformis (NCF) (10) . All of these structures are thus potential cerebral sources of the descending modulation of pain by emotions. In turn, the modulation of spinal activity is expected to affect the transmission of nociceptive signals and the response of their target brain regions through the multiple ascending pathways. However, the important interconnectivity between emotional brain networks and areas implicated in the affective dimension of pain suggests that additional supraspinal mechanisms might also contribute to the emotional modulation of pain experiences. Among the potential cortical candidates, the anterior cingulate cortex (ACC) (11) and the insula (12) are well positioned to contribute to the emotional modulation of pain.
Whereas the ACC appears to be involved in the motoric and motivational aspects of pain and emotions, the insula is thought to generate subjective interoceptive feelings as a result of the gradual posterior-to-anterior integration of primary interoceptive information with contextual emotional and cognitive information (12) .
The cerebral correlates of the emotional modulation of pain perception have been explored in two brain imaging studies. In one study, pain-related activation in the entorhinal cortex was increased by expectation-induced anticipatory anxiety of a highly painful stimulation (13) . Also, the increased activation in the entorhinal cortex was correlated with activity in other painrelated areas such as the cingulate cortex and the insula. These results were interpreted in light of the Gray-McNaughton theory of anxiety (14) , which postulates that in situations of conflict, the hippocampal formation amplifies the neural representation of the aversive event. Consistent with the proposed model of emotion modulation, the hippocampal system might be involved in the facilitation of nociceptive processes at the spinal and/or cerebral level.
In the other study, unpleasant odors, compared with pleasant ones, increased both pain perception and activations in the ACC, medial thalamus, and primary and secondary somatosensory cortices (SI/SII) (15) . However, in this case, pain-related activations were confounded with activations related to odors due to the simultaneous application of odors and painful stimulation. This is especially problematic in the emotional/limbic regions such as the ACC, which are commonly activated to both types of stimuli. Therefore, the results of these two studies indicate that emotions can modulate activity in pain-responsive regions of the brain, but the underlying mechanisms remain to be determined. We hypothesized that the modulation of pain-related brain activations resulted at least in part from a modulation of spinal nociception and also possibly from supraspinal interregional interactions between pain and emotion brain networks.
In this study, we combined the recording of a spinal nociceptive reflex (RIII reflex), as an index of spinal nociception, with fMRI in a paradigm investigating the emotional modulation of pain. This combination of spinal and cerebral measures allowed pain-related regions whose modulation by emotions are linked to spinal nociception to be distinguished from those that are not. Also, to separate pain-and emotion-related activation, we used a mixed blocked/event-related design in which participants received painful electric shocks while they viewed blocks of pleasant, unpleasant, or neutral pictures (see Fig. 1A ). This particular design was essential to dissociate changes in pain-responses induced by the emotional context (i.e., modulation of shock-related activations) from the effects of the emotional pictures (i.e., blocks of emotional pictures). Last, we used connectivity analyses to reveal networks of brain regions associated with the effects of emotions on pain-related brain activation.
Results
Pain Ratings and RIII Reflex. Mean pain ratings and RIII reflex amplitudes are reported for each experimental condition in Fig. 2A 
The absence of a significant effect of pleasant pictures on the RIII might be due to the inclusion of pictures depicting outdoors sports scenes where danger is impending (parachuting, kayaking, etc.), which in some cases may produce opposite effects than those expected by their valence (16) . Nevertheless, the significant difference in RIII reflex amplitudes between the pleasant and unpleasant pictures condition clearly shows that, for equal levels of arousal, emotional valence influenced spinal nociception.
Pain and Picture Activations. We first looked at the general patterns of activation related to the electric shocks and the blocks of pictures across experimental conditions ( Fig. 1D ; Table S1 ). The electrical stimulation induced the typical pattern of pain-related activation comprising the thalamus, SI/SII, insula, and mid and ACCs. Additional activation peaks were found in the hypothalamus, parahippocampal gyrus (PHG), pons, cerebellum, and bilateral middle and medial frontal gyri. Significant activation to the blocks of pictures was found primarily in the visual cortices and in the FFG.
Main Effect of Emotions on Pain-Evoked Activation. We then examined the effects of emotions on pain-related brain activation. For this analysis, we focused on the contrast of shock-evoked responses observed during unpleasant vs. pleasant pictures, so as to maximize the valence effects while controlling for nonspecific arousal effects induced by the emotional pictures. Fig. 2B shows larger brain activations to the painful shocks during unpleasant compared with pleasant pictures in the paracentral lobule (PCL), bilateral PHG, and right ipsilateral insula (Table S2) .
Correlations with Pain Ratings and RIII Reflex Modulation. To reveal brain structures associated with the effects of emotions on pain ratings or spinal nociception, we correlated the effects of unpleasant vs. pleasant pictures on shock-evoked brain activation with the magnitude of the modulation of pain ratings and RIII reflexes. For this analysis, the intraindividual differences in pain ratings and RIII reflexes for the unpleasant vs. pleasant pictures conditions were used as the magnitude scores for the effects of emotions on pain. The correlations of these scores with the effects of emotions on pain-related brain activation are displayed in Fig. 2C (see also Table  S3 ). The effects of emotion on pain ratings correlated with activity in the right (ipsilateral) anterior insula, whereas the effects of emotions on the RIII reflex correlated with activity in the left (contralateral) medial thalamus, bilateral amygdalae, left (contralateral) pons, subgenual cingulate gyrus, ventromedial and medial prefrontal cortices (VMPFC/MPFC). Together, these results clearly demonstrate that emotions modulated spinal nociceptive processes, pain perception, and the corresponding brain responses.
Emotional Pictures Activations. Unpleasant pictures elicited stronger activation than neutral pictures in visual areas and in the left PHG, left amygdala, posterior thalamus, midbrain, VMPFC, right dorsolateral prefrontal cortex (DLPFC), and left lateral orbitofrontal Table S1 ). Fig. S1 and Table S4 ). More robust activation was also found compared with pleasant pictures in the MPFC, retrosplenial cingulate cortex, and right DLPFC. In contrast, pleasant pictures elicited larger activation compared with neutral pictures only in visual areas, and showed no significant activation peak in comparison with unpleasant pictures.
cortex (OFC) (
Connectivity Analyses. As a complementary step in exploring brain regions predicting the effects of emotional pictures on pain activations, we conducted psychophysiological interactions (PPI) analyses to examine functional connectivity based on emotion-dependent interactions with pain-related regions (17) . For these analyses, the contrast of unpleasant vs. pleasant pictures in the event-related brain responses to the electrical shocks was chosen as the effect of interest. The right insula and the PCL (sensorimotor cortex) were selected as seed regions for the PPI because of their established role in pain processing and their clear modulation in the unpleasant vs. pleasant contrast ( Fig. 2B ; Table S2 ). The results of the PPI analyses are displayed in Fig. 3 (see also Table S5 ) and represent the regions that correlated more with the right insula or PCL seed regions for the shocks delivered during unpleasant vs. pleasant pictures. The results obtained using the right insula as the seed region included areas related to emotional processing, such as the right OFC and subgenual cingulate cortex (SgCC). The pattern of enhanced connectivity with the PCL was more widespread and included the left PHG, supplementary motor area, left DLPFC, left posterior thalamus, and left rostral medulla (RM). Because activation of these regions predicted the effects of unpleasant vs. pleasant emotions on pain activation in the seed regions, the regions revealed by the PPI analyses can be seen as potential moderators of the effects of emotions on pain.
Discussion
This study revealed that the pain-related activity of several brain regions was modulated by emotions. The recording of the RIII reflex as an index of spinal nociception also allowed brain regions that are modulated as a function of descending modulatory pathways to be distinguished from those associated more closely with supraspinal mechanisms of pain modulation. Also, the mixed block/event-related design allowed the identification of the brain regions activated by the blocks of emotional pictures separately from those reflecting phasic pain-related responses. Last, connectivity analyses were used to reveal the brain regions involved in the effects of emotions on pain-related activations.
The observation of numerous regions correlating with the effects of emotions on RIII reflex is consistent with the involvement of descending modulatory mechanisms in the effects of emotions on pain. Indeed, many of the regions correlating with the modulation of the RIII, such as the left (contralateral) thalamus, left pons, and bilateral amygdalae, are cerebral targets of ascending spinal nociceptive pathways. The thalamus is at the endpoint of the spinothalamic tract and is involved, in its more medial part, in the transmission of nociceptive signals to prefrontal cortical areas, contributing to the affective dimension of pain. The amygdala is also a main cerebral target of spinal nociceptive afferents. It receives nociceptive inputs from the dorsal horn of the spinal cord through the parabrachial nucleus, a structure located close to a peak of activation found in the pons and which correlated with the effects of emotions on RIII reflex amplitude. Here, the response of the amygdala to the painful shocks might reflect the emotional arousal associated with the detection of brief and sudden aversive stimuli (18) . This first automatic step of the affective processing of acute noxious stimuli is generally followed by more controlled and elaborate processes of affective evaluation in the medial and/or orbital parts of the frontal lobes. Thus, the activation observed in the subgenual cingulate gyrus, VMPFC, and MPFC could reflect these later processes of affective evaluation and meaning attribution.
The main contrast between pain-evoked activation during the presentation of unpleasant vs. pleasant pictures also revealed a locus of activation in the PCL, in a region implicated in the primary sensorimotor representation of the foot (19) . Thus, the enhanced activation of this structure in the context of unpleasant emotions could reflect a modulation of the sensory and motor aspects of the pain responses to the electrical stimulations. This is consistent with two recent studies (20, 21) showing that early somatosensory In contrast, the effects of emotional pictures on pain-related activation in the right anterior insula appear to reflect a higherorder mechanism of pain modulation. Recent theories of emotional processing suggest that this region is involved in the integration of interoceptive information with ongoing emotional states represented in frontal and limbic regions of the brain (12) . According to this model, the activity of the right anterior insula would reflect the formation of a higher-order subjective representation of a ''global emotional moment,'' which in the case of this particular study would be a representation of the subjective feeling of pain within the general emotional context. Our findings of right insula activation correlating with the modulation of subjective pain ratings strongly support this interpretation.
Increases in pain-evoked activation in bilateral PHG were also observed in the context of unpleasant vs. pleasant pictures, possibly reflecting increased affective processing of pain aversiveness. Indeed, the role of the PHG in negative emotions, and particularly anxiety, is well documented (14) . Many studies have found parahippocampal activation in response to pain (22) , where it is believed to mediate the aversive drive and contribute to the negative affect inherent to pain. Interestingly, parahippocampal responses to pain are shown to be increased by anxiety in healthy volunteers (13) , as well as in clinical populations suffering from anxiety-related pain disorders (23) .
Our mixed blocked/event-related design also allowed us to look at the activation related to the blocks of emotional pictures separately from their effects on pain-related activation. The regions activated by the unpleasant pictures are in accordance with those associated with aversive stimuli found in previous studies on emotional processing (24) . Among these regions, the PHG is of particular interest, because its activation was previously found during the anticipation of highly painful thermal stimuli (13) . Also, in another study, the PHG was shown to be coactivated with the PAG and ventral tegmental area (VTA) and further predicted pain responses in the posterior insula (8) . This is particularly interesting, because PAG activation was also observed here in response to unpleasant pictures, supporting the idea that the combined activation of the PHG and the PAG could be involved in the descending facilitation of pain. The present findings thus indicate that, similarly to pain-related anticipatory anxiety induced by expectation (13), negative emotions induced by unpleasant images may also affect pain-related responses through mechanisms involving the PHG and brainstem nuclei. These findings further support the GrayMcNaughton theory of anxiety (14) , which posits that in situations in which environmental cues signaling danger are present, the hippocampal formation amplifies the neural representation of the aversive event to prepare the organism for the worst possible outcome. In the case of our study, unpleasant pictures would have acted as the cues signaling an increased probability of danger, thereby activating the PHG and facilitating pain-related processes.
Last, the PPI analyses revealed some of the regions that predicted the effects of emotional pictures on the pain responses observed within the PCL and right insula. The pattern of enhanced connectivity with the PCL comprised several brain regions, suggesting the implication of more than one mechanism. One of these mechanisms appears to involve the left PHG, which predicted the effects of emotions on PCL responses (Fig. 3) . This finding is highly consistent with the role of the PHG in anxiety-induced descending pain facilitation. Indeed, the PPI analysis also revealed a peak of activation in the RM located in the vicinity of brainstem structures involved in the descending facilitation of spinal nociception, such as the DLPT and the RVM (9, 10), suggesting that mechanisms of descending facilitation involving the PHG and the brainstem are implicated in the effects of emotions on pain through descending modulatory pathways affecting spinal nociceptive transmission.
Other regions predicting the effects of emotional pictures on PCL activation included the supplementary motor area (SMA) and left DLPFC. Both these structures exhibit efferent connections with somatosensory cortices (25, 26) , by which they could have directly influenced PCL activation. As for the PHG, these regions have been linked to pain anticipation (27, 28) and pain expectations (29) , but lack the predominantly emotional function generally attributed to the PHG. Rather, they are thought to influence nociceptive processing by priming the somatosensory representation of pain through the formation of a perceptual set (28) , which might be linked, in the present experiment, to the specific content of the unpleasant pictures depicting attack or body mutilation scenes.
The PPI analyses also revealed that the effects of emotions on right insula activation were predicted by the OFC, suggesting that the influence of emotions on the integrative processes of the right insula could reflect direct or indirect interactions between these structures. It has been shown that the OFC has an important role in emotional evaluation (30) , and particularly, in the evaluation of punishers (31) . Moreover, risk assessment and harm avoidance also produce activation in the anterior insular/OFC, rostral to those implicated in the processing of the aversive stimulus itself (32), suggesting a predictive role for this structure on insula activation during the processing of aversive stimuli. This result is thus consistent with the proposed role of the right insula in the integration of pain signals with ongoing emotional states, which are represented in many cerebral structures, including the OFC (30) . The fact that the integration of pain with negative emotions occurred in the right hemisphere, ipsilateral to the pain stimulus, also supports current theories of forebrain emotional asymmetry The right Ins and the PCL, where activation to electrical stimulations were shown to be higher during unpleasant than pleasant pictures, served as the physiological variables (''seeds'') for the PPIs. Activation maps were thresholded at P Ͻ 0.005 for display purposes (see Table S5 ).
which propose a preferential engagement of the right forebrain in negative emotions (33) .
Overall, the results of the present study indicate that various brain mechanisms are implicated in the effects of emotions on pain (summarized in Fig. S2) . One of these mechanisms involves descending modulatory controls affecting the transmission of spinal nociceptive signals to many brain regions, including the thalamus, amygdala, and the PCL. Cerebral sources of such descending modulation include the PHG and brainstem nuclei activated by unpleasant emotional pictures and predicting the effects of emotional pictures on PCL activation. Another mechanism involves the integration of pain-and emotion-related signals in the right anterior insula into a higher-order subjective representation of the emotional self. Notably, an additional potential modulatory mechanism, left unexplored by the present study, involves the autonomic nervous system. Because autonomic responses are central to both pain and emotions and that the anterior insular cortex is critically involved in the higher-order regulation of this system (34), future studies should provide a more complete portrait of brainautonomic system interactions during the emotional modulation of pain. Altogether, the multiplicity of mechanisms underlying the emotional modulation of pain is reflective of the strong interrelations between pain and emotion, and emphasizes the powerful effects that emotions can have on pain.
Methods
Participants. Thirteen healthy volunteers participated in the study (6 male and 7 female; mean age, 23.4 years; SD, 5.1). Data from one male participant was excluded because of equipment failure during scanning. Participants were selected on the basis of their ability to tolerate the electrical stimulations during a prescanning session. The study was approved by the Research Ethics Board of the Centre de Recherche de l'Institut de Gériatrie de Montréal, and all participants gave written informed consent.
Electrical Stimulation and RIII Reflex Recording. Transcutaneous electrical stimulation was delivered with a Grass-S48 stimulator (Astro-Med Inc.) isolated with a custom-made constant-current stimulus-isolation unit. The stimulation consisted in a 30-ms train of 10 ϫ 1 ms pulse, delivered on degreased skin over the retromaleolar path of the right sural nerve by means of a pair of custom made 1-cm 2 fMRI-compatible surface electrodes. The intensity of the electrical stimulation was recorded (Biopac Systems), and the intensity of the stimulation was adjusted individually at 120% of the reflex threshold using the staircase method (35) . This intensity induces a stable and moderately painful pin-prick sensation. Electromyographic (EMG) activity of the biceps femoris was recorded with MRI-compatible Ag-AgCl surface electrodes with an interelectrode distance of 2 cm. EMG activity was amplified, band pass filtered (100-500 Hz), digitized, and sampled at 1,000 Hz. The raw EMG data were filtered off-line (120-130 Hz) and transformed using the rms. The resulting signal was integrated between 90 and 180 ms after stimulus onset to quantify the RIII-reflex to single shocks. Pleasant pictures mainly consisted of erotic couples and outdoor sports, whereas unpleasant pictures represented images of threats or mutilations, and neutral pictures consisted of household objects and outdoor scenes. For each category, pictures were grouped in six blocks of five 6-s pictures, for a total of 30 s per block. A fourth condition consisting of only a white fixation cross displayed in the middle of a black screen for 30 s served as an additional control with no pictures, but the results for that condition were not reported in the present article. In a prescan session (see SI Materials and Methods), all subjects rated the valence and arousal dimensions of the pictures blocks presented in the scanning session. The mean valence and arousal ratings are displayed in Table S6 and were comparable with the normative ratings.
Procedure. The scanning session was divided into two functional scans separated by an anatomical scan. Each functional scan consisted of 26 experimental trials. The time course of a trial is depicted in Fig. 1 . Each trial consisted in a 30-s block of emotional pictures or fixation point. Two electrical stimuli were delivered during each block of visual stimulation, 2,700 ms after the onsets of the second and fourth picture (or equivalent timing for the fixation point condition). This particular timing was necessary for the shock and reflex to occur during the 500-ms intervolume (see ''fMRI acquisition'') delay at the end of the pictures. The stimuli were thus always delivered at the 200th millisecond of the 500-ms intervolume delay with no jittering (i.e., 2,700 ms after the onset of the fMRI volume) (Fig. 1 A) .
At the end of each block of pictures, participants had 18 s to rate the pain elicited by the electrical stimulation on a visual analogue scale (VAS: 0, no pain; 100, extremely painful). Participants were asked to provide an overall rating of the pain induced by the two stimulations in the preceding block. They were also instructed that their pain ratings should reflect the perceived intensity (sensory dimension), as well as the discomfort (affective dimension) elicited by the electrical stimulations. The purpose of asking for only one compound evaluation of the sensory and affective dimension of pain was to reduce rating times to maximize the number of pain events. However, it should be noted that these pain ratings cannot distinguish the effects of emotions on the sensory and affective dimension of pain.
Each scan started with two control trials with only the fixation point. These trials controlled for potential habituation effects, allowing the RIII reflex to stabilize. After these two trials, the remaining 24 trials were presented in a pseudorandom order (see
SI Materials and Methods).
Functional MRI Acquisition. Imaging data were acquired at the Unité de Neuroimagerie Fonctionnelle of the Centre de Recherche de l'Institut de Gériatrie de Montréal on a 3T Siemens Trio scanner using a CP head coil. The anatomical scans were T1-weighted high-resolution scans [repetition time (TR), 13 ms; echo time (TE), 4.92 ms; flip angle, 25°; field of view, 256 mm; voxel size, 1 ϫ 1 ϫ 1.1 mm]. The functional scans were collected using a blood-oxygenlevel-dependent (BOLD) protocol with a T2*-weighted gradient echo-planar imaging sequence (TR, 3.0 s with an intervolume delay of 500 ms; TE, 30 ms; flip angle, 90°; 64 ϫ 64 matrix; 41 ϫ 3.44 ϫ 3.44 ϫ 5 mm slices; 433 volume acquisitions). Electrical stimuli were always administered during the intervolume delay (Fig. 1 A) , thereby avoiding the potential contamination of fMRI images by shock-induced artefacts and of EMG recordings by RF-pulse artefacts.
Pain Ratings and RIII Reflex Analyses. RIII reflex amplitudes were first standardized within participants by converting them into z-scores. Normalized RIII reflex amplitudes and raw pain ratings were then averaged for each condition and compared through ANOVA with the experimental condition as a within-subject factor. Two participants were excluded from the RIII-reflex analysis. In one participant, the stimulation intensity required to reach 120% of the RIII-reflex threshold could not be attained at the maximal level of stimulation allowed by the isolation unit. In the other participant, the reflex habituated quickly after the onset of the experiment and was undetected in Ϸ90% of the following trials.
Functional MRI Data Analyses. Pain and picture activations. After preprocessing (see SI Materials and Methods), activation related to the pictures and the electrical stimulation were identified with a mixed block/event-related design where electrical stimulations were modeled as instantaneous events and experimental conditions as 30-s blocks of images. The vectors created for the electrical stimulations and experimental conditions were then convolved with a canonical hemodynamic response function (hrf). At the second level, group analyses were conducted using random-effect models with contrast images of individual-subject effects. Correlations with RIII reflexes and pain ratings modulation. For the correlation analyses, individual indexes of RIII reflexes or pain ratings modulation were computed for each participant by subtracting their mean RIII reflex or pain rating during the unpleasant vs. pleasant pictures conditions. The correlation between the modulation of pain ratings and RIII reflexes was nonsignificant (r ϭ 0.344, n.s.). However, according to Cohen's guidelines (36) , the size of this correlation can be considered as ''medium'' (r between 0.3 and 0.5), suggesting that RIII reflex and pain ratings modulation are related, but dissociable processes. These individual indexes of RIII reflexes or pain ratings modulation were then correlated with the effects of unpleasant vs. pleasant pictures on shock-related activations to reveal the regions where the modulation of shock-evoked activation correlated with RIII reflexes or pain ratings modulation. PPI. For the PPI analyses, the effect of unpleasant vs. pleasant pictures on the event-related responses to the electrical stimulations was chosen as the psychological variable of interest. The seed regions used as the physiological variables were chosen among the most representative pain-related areas modulated by the unpleasant vs. pleasant contrast (i.e., insula and PCL; see Results). Time series were extracted from a sphere (6-mm radius) centered on the selected seed regions maximum of the unpleasant vs. pleasant contrast for each participants using the first eigen time series (principal component) of this area. The PPI regressor was then computed as the element-by-element product of the meancorrected seed region activity and a vector coding for the differential effect of unpleasant compared with pleasant pictures (1 for unpleasant and Ϫ1 for pleasant). The results of these PPIs thus revealed the brain regions where activity positively covaried more strongly with the seed regions during shocks delivered in the context of unpleasant vs. pleasant pictures. Thresholding. The significance of the t values obtained for the different neuroimaging analyses described in the results were thresholded at P Ͻ 0.05, Bonferroni-corrected for multiple comparisons (one-tail), based on Random Field Theory (37) . Separate directed-search volumes were examined for shock-pain and picture processing. The directed search volume for pain analyses was estimated based on the cumulative size of structures previously shown to be involved in pain (SI and SII, the cingulate cortex, INS, OFC, the PGH/amygdala, hypothalamus, thalamus, and brainstem), whereas the directed search volume for picture analyses was based on the cumulative size of structures previously shown to be involved in emotional picture processing (occipital lobe, medial temporal lobe, thalamus, brainstem, OFC, insula, and prefrontal cortices). The pain directed search volume was estimated at 109.58 resels (using the effective FWHM) and led to a T-threshold of 4.1 for peaks of pain-related activation found within this volume. The picture directed search volume was estimated at 153.12 resels (using the effective FWHM) and led to a T-threshold of 4.2 for peaks of picturerelated activation found within this volume. Additional peaks are reported in these directed search areas based on a more permissive threshold of P-uncorrected Ͻ 0.005 to protect against type II error. Activation peaks falling outside of these directed-search areas were thresholded at a t value of 5.1, according to a global search volume of 626.38 resels accounting for the whole-brain gray matter.
